Removal of small amounts of blood from sitting subjects caused reduction of sodium excretion without alterations in creatinine clearance, or in apparent cardiac output (electrokymographic method). This reduction could be prevented by compression of the neck. The experiments support the concept of an homeostatic central mechanism which regulates the volume of extracellular fluid by altering sodium excretion. If such a mechanism exists it is apparently activated by changes in the volume of body fluids rather than by changes in cardiac output. P REVIOUS studies'-3 have shown that compression of the neck causes increased urinary excretion of sodium in the sitting position, but has little or no effect in the recumbent position. Marked decline in
urinary sodium, which ordinarily occurs in the sitting as compared to the recumbent position, can be partially although not completely prevented by compression of the neck. The data were interpreted as indicating the probable existence of some central mechanism concerned in the regulation of electrolyte excretion, apparently set into operation by alterations in the volume of fluid in the cranial cavity or by some closely related factor. The present study is the first of a number aimed at further elucidating the nature of the mechanism. METHODS General Plan of Experiments. Normal healthy young men were bled, and measurements of electrolyte excretion and glomerular filtration rate were made. The symptoms were observed, and blood pressure and pulse rate were measured before and after bleedings. Observations of the effect of bleeding on the apparent cardiac output (electrokymographic method) were also made.
In the beginning, there was some doubt as to how much blood needed to be removed in order to produce alterations in the excretion of sodium. Hence a series of preliminary experiments was done, and it was found that the amount of bleeding needed to produce changes varies markedly with posture ( fig.   1 ).
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In order to determine whether loss of blood from the head was of any particular significance, further experiments were done in which the bleeding was repeated while the neck was compressed by a blood pressure cuff inflated to 20 mm. of Hg.
Experimental Procedure. In the case of the earlier experiments a standardized diet was not employed on the days prior to the experiment, but the amount of added sodium chloride ingested was kept constant at approximately 5 Gm. The later experiments were done on individuals previously receiving, over a period of several days, a standardized diet containing 1 Gm. of sodium, to which on each day 7.5 Gm. of sodium chloride were added in three approximately equal amounts, divided among the three meals.
The subject came to the laboratory on the day of the experiment and consumed no food other than either half of a chocolate bar each hour, or one egg every two hours, as preferred, the food being constant for different experiments on the same subject.
A solution of 0.14 per cent sodium chloride was employed for loading in order to maintain urine volumes of convenient size, to prevent markedly negative sodium balance during the experiment, and to achieve the strictest constancy of hourly sodium output. The subjects drank 200 ml. of this solution at hourly (recumbent) or half-hourly (sitting) intervals. This difference in technic employed in the two positions was found, in a previous study,3 to be desirable in order to minimize the progressive rise in the excretion of water and sodium which tended to occur during the first several hours after the onset of loading.
Urine was voided and collected at hourly intervals for a period of 10 hours. Since the excretion of water and of sodium usually increased rapidly during the first two hours, the data reported are only those for the third or fourth and subsequent hours. Cigarette smoking was permitted hourly in some subjects and as desired in others. In some instances (the control experiments) the 260 Circulation, Volume III, February, 1951 procedure was constant throughout for a period of 10 hours, while in other instances the subject was bled at the end of the fourth hour of loading. The procedure was then continued for a second four hour period, after which the blood plus 80 ml. of 3.3 per cent sodium citrate was reinfused, the ingestion of the solution and the collection of urine being continued for two subsequent hours. In a third series of observations the identical procedure was followed except that a blood pressure cuff around the neck was inflated to 20 mm. of Hg, and kept in place from the time bleeding was started until the reinfusion was completed. The experimental procedure as described was that followed for the experiments carried out in the sitting posture. The procedure utilized in the recumbent subjects differed in certain respects. The preparatory diet was not utilized for the several days before the experiment. Although the same loading solution was used, only one-half as much (i.e., only 200 ml. per hour) was ingested. A control experiment without bleeding was omitted and a larger amount of blood (9 ml. as compared to 2.5 ml. per Kg. of body weight) was removed. Observations in the recumbent posture were made on bleeding in the horizontal position with and without compression of the neck and on bleeding in the head-down (Trendelenburg) position, the angle of the bed being approximately 20 degrees from the horizontal.
The technics utilized for sodium, potassium, chloride, glomerular filtration, and for the apparent cardiac output (as calculated from electrokymographic tracings), were identical with those employed in the previous study.3 It is realized that the electrokymographic method for cardiac output may not yield correct absolute values, but there is evidence4'5 that the procedure provides an accurate qualitative index of directional changes.
RESULTS
The Amount of Bleeding Necessary to Affect Sodium Excretion. In the control experiments the subjects were not bled but continued to ingest the loading solution. Under these conditions it was clear that an equilibrium state was not obtained in the earlier hours of loading, as the sodium excretion was greater in the later than in the earlier hours.3 This occurred in both postures. Bleeding (2.5 ml. and 9.0 ml. per Kg. in the sitting and recumbent postures, respectively) did not always cause an absolute decline in urinary sodium, but did cause either an absolute decline or an inhibition of the rise which occurred during the later hours in the control experiments ( fig. 1 ). Because of the greater tendency toward syncope in the sitting posture, larger amounts of blood were not removed in this position. In the recumbent posture the removal of larger amounts (9 ml. per Kg.) caused a striking decline in sodium output. These preliminary experiments indicated clearly that sodium excretion is much more readily depressed by bleeding in the sitting than in the FIG. 1. Mean change in urinary sodium excretion produced by bleeding in two subjects in recumbent and sitting postures. The results of preliminary experiments designed to determine the amount of bleeding necessary to affect sodium excretion are depicted. In both postures a gradual rise in sodium excretion occurred during the control periods without bleeding. Removal of 2.5 ml. of blood per Kg. in the sitting position had about the same effect as removal of 7.0 ml. per Kg. in the recumbent position. Both procedures caused little absolute change in sodium output but inhibited the rise which occurred during the same hours in the control experiments. Bleeding larger amounts-9 ml. per Kg.-in recumbent subjects caused a well marked absolute decline in urinary sodium. Because of the tendency toward syncope in the sitting position larger amounts were not removed in this posture. recumbent position. In subsequent experiments the amounts of blood removed were, therefore, 2.5 ml. per Kg. in the sitting subjects (in order to study the mechanisms concerned in the more delicate regulation of sodium excretion) and 9 ml. per Kg. in the recumbent position (in order to investigate any possible additional mechanisms). The results obtained in the two positions may now be considered.
Studies in the Sitting Position
Although these studies were actually done last, they will be considered first because they seemed to yield the more significant results. The subjects experienced minimal or no symptoms except that following the reinfusion of blood slight discomfort, consisting of slight During the control periods without bleeding a minimal decline tended to occur, and no greater decline occurred as the result of the bleeding. subjects by venesection, 2.5 ml. per Kg., in sitting position. The data for the first three hours are omitted because excretion of water and sodium varied widely during this preliminary period of loading. The data for the ninth hour, during which the removed blood was reinfused, are also omitted because mild symptoms of alkalosis due to infusion of citrate often occurred at this time.
Significant changes in glomerular filtration were not encountered. Bleeding caused a sharp reduction in urine volume, the effect not being significantly altered by compression of the neck.
In the control experiments a gradual rise in sodium excretion occurred. Bleeding caused a decline in sodium excretion but bleeding while the neck was compressed was followed by a rise in sodium output. numbness and tingling, occurred at times. These manifestations were thought to be due to the sodium citrate solution.
Consistent alterations in pulse rate and blood pressure were not observed as result of the bleeding.
Glomerular Filtration. The average result in Comparison of the results during the four hours following bleeding with those of the hour immediately preceding and with those of the second hour following reinfusion revealed no significant alteration as the result of compression of the neck. Urine Volume. During the first two or three bled, the urinary sodium underwent an absolute decline in 3 of the 4 subjects and a relative decline (i.e., a less striking rise than in the control experiment without bleeding) in the fourth individual. The average effect of bleeding was a reduction in sodium excretion which was small in actual value when compared with the sodium excretion immediately before the bleeding, but was of considerable magnitude when compared with the tendency to rise in the control experiments in which bleeding was not done. Reinfusion of such small amounts of followed by a return toward the previous value. No striking difference was observed between the effects of bleeding when theneck was compressed and those in which bleeding alone was carried out. Reinfusion of the removed blood was without significant effect. Sodium Excretion. The average findings for all of the subjects are presented in figure 2 , and the observations on individual subjects are depicted in table 1. Rather striking findings were encountered.
In the control experiments without bleeding the excretion of sodium tended to decline or fluctuate in 2 of the subjects and to rise sharply in the other 2 individuals, the mean effect being a moderate rise.
On the contrary, when the subjects were blood (about 200 ml.) did not cause the sodium excretion to return to the previous level. When the subject was bled while the neck was compressed, the decline in sodium was inhibited or prevented and the excretion of sodium somewhat greater than in the control experiments. Subsequently, the sodium excretion declined, but remained greater than that in the experiments in which bleeding was not accompanied by compression of the neck.
Chloride. Since, as will be indicated later, the excretion of this ion tended to parallel the excretion of sodium in other observations, measurements of chloride excretion were not made during this particular group of experiments.
Potassium. In most of the experiments, 26)3 regardless of the procedure employed, there was a general tendency for potassium excretion to decline as the experiment progressed. Since the loading solution was free of potassium and the subjects were, therefore, in negative potassium balance throughout, this trend would be expected, and probably reflects a tendency of the body toward conservation of this element. The experiments throw no light on the mechanism whereby such conservation was effected. The data for the first three hours and for the two hours following reinfusion are omitted for reasons given in the legend for figure 2. Potassium determinations were done on aliquots of the samples for the third and fourth hours following bleeding. Neither bleeding 2.5 cc. per Kg. in the sitting position nor bleeding plus compression of the neck materially altered the progressive decline in potassium excretion which occurred in the control experiments.
striking changes ( fig. 3 ). It is evident either that bleeding and cervical compression had no significant effect, or that any action of these procedures on potassium excretion was masked by the general tendency toward decline during successive hours.
Cardiac Output. It was not feasible to study this function during the same experiments in which the others were studied. Consequently, a separate group of experiments was carried out at a later date on the same subjects, who were bled the same amount under the same conditions. The data are presented in table 2. Significant changes in cardiac output were not observed as the result of the removal of such small amounts of blood (2.5 ml. per Kg. of body weight).
Studies in the Recuambent Position
Since the results, other than those for potassium excretion, were essentially similar for all four subjects, they are presented as averages in figure 4 . Observations on individual subjects are depicted in table 3.
The clinical manifestations induced by removal of 9 ml. of blood per Kg. of body weight from recumbent subjects were variable and usually slight. Faintness, anorexia, and minimal headache were observed in several of the experiments. Compression of the neck did not seem to have any striking effect on the subjective response to bleeding. In the headdown position the same degree of bleeding caused fewer symptoms than in the case of the horizontal subjects. On several occasions when the subjects were bled in the horizontal recumbent position and developed symptoms, it was found that prompt relief occurred with elevation of the foot of the bed.
Glomerular Filtration. The average findings are presented in figure 4 . Both in the horizontal and head-down positions, bleeding without compression of the neck was followed by a slight but definite decline during the next one or two hours, with a return to the prebleeding level during subsequent hours, no significant alteration being induced by reinfusion of the subject's blood. The alterations in glomerular filtration, when the bleeding was done while the neck was compressed, were somewhat greater ( fig. 4 ) than in the case of the experiments in which the neck was not compressed, but the difference was slight and of doubtful significance.
Urine Volume. This function declined sharply during the first two hours after bleeding, and then increased slowly, reinfusion being followed by a rise to or above the control level. The responses were essentially similar in the headdown and in the horizontal positions with and without compression of the neck. slightly during the first hour, more during the second, and most strikingly during the third and fourth hours, after the bleeding ( fig. 4) . A definite rise was noted following the reinfusion of removed blood. Compression of the neck had no definite effect on the alterations of sodium excretion produced by bleeding when the subject was in the recumbent position. The average decline with the head down was somewhat less than when horizontal, but the difference was not impressive and is of doubtful significance.
Chloride. The changes paralleled the changes in sodium, a definite decline being induced by bleeding but a less marked rise occurring after reinfusion (table 3 ). (The difference between declined progressively as in control experiments. In other instances a temporary rise in potassium excretion occurred following venesection.
Since only a few control studies were made in which the entire procedure other than venesection was carried out, the interpretation of these results is uncertain. Possibly the initial rise in urinary potassium after bleeding was not caused by bleeding but was related to a lag in the effect of loading and comparable to that often observed during the first two or three hours. If so, this lag occurred later than usual because the lag was ordinarily not noticed as late as the fifth hour of loading. Another possible explanation is that in those chloride and sodium in this respect, which was consistent, may possibly have been dependent on the use of sodium citrate as an anticoagulant.) There was no obvious difference between the experiments in which the neck was compressed and those in which this procedure was omitted. Chloride excretion was not measured in those experiments carried out in the headdown position.
Potassium. Since the different subjects who displayed similar results in regard to the other functions studied exhibited rather striking variations as regards potassium excretion, the data are summarized for each individual (table 3) and are compared with sodium, chloride, filtration rate, and clinical manifestations. In some instances venesection had no apparent effect on potassium excretion which subjects who exhibited the initial posthemorrhagic rise in potassium excretion, the venesection caused increased activity of the adrenal cortex. In favor of this interpretation is the observation that the increase was associated with a decline in sodium excretion. Against this interpretation is the rapid onset and the short duration of the rise in potassium excretion.
Potassium determinations were not done in the head-down experiments.
Cardiac Output. The data are shown in table 2. One subject exhibited no significant change in this function; another displayed an apparent rise. Since the control value was unusually low for the subject while the values obtained after bleeding were within the range of the control values usually encountered in the same The decline in sodium excretion following venesection in the recumbent position was not significantly altered by compression of the neck or lowering the head. This decline tended to be maximal three to four hours after venesection in contrast to the declines in urine volume and glomerular filtration which were maximal in the first or second hour.
individual, it seems unlikely that the increase observed after bleeding is of any significance. The data confirm those of other investigators in indicating that removal of relatively large amounts of blood in recumbent normal subjects has no constant effect on cardiac output.6
The Differences between the Effects of Bleeding in the Various Postures.
Comparisons in which identical amounts of blood were removed are not available because the preliminary experiments ( fig. 1 ) indicated clearly that sitting subjects were much more 1returned, sensitive to removal of a given amount of blood than were recumbent subjects. As well as could be judged from the few studies made, sponse to the removal of 9 ml. of blood in this posture, while the reactions occasionally produced by removing the corresponding amounts the removal of about 3 ml. per Kg. in the sitting position can be expected to cause about the same reaction (minimal faintness and/or slight headache) as the removal of 7 or more ml. in the horizontal position. It was clear that the head-down position was the most favorable for the prevention of symptoms, as none of the subjects experienced significant subjective re-from horizontal subjects were promptly ameliorated by elevation of the foot of the bed.
The data indicate that the amount of blood which must be removed in order to produce a decline in sodium excretion is considerably greater in the recumbent than in the sitting subject ( fig. 1 ). They also indicate that in the sitting posture the effects of bleeding on sodium excretion may be overcome by compression of the neck and hence, presumably, by maintaining the intracranial fluid volumes. On the other hand, the decline in sodium output, which in the recumbent subject only occurs after removal of much larger amounts of blood, can be influenced little or none by measures, such as compression of the neck or institution of the head-down position, which would be expected to increase intracranial blood volume. These findings are in accord with those previously reported3 in which it was shown that, in the absence of bleeding, compression of the neck, while causing a striking increase in the sodium excretion of sitting subjects, had little or no effect in recumbent individuals. The logical interpretation seems to be the assumption of multiple mechanisms controlling sodium conservation after bleeding, some of which are more readily activated in the sitting posture, others of which are more sensitive in the recumbent position. Such an assumption is not as paradoxic as might first appear if one visualizes the blood vessels as resembling readily collapsible rubber tubes. Withdrawal of a given amount of liquid from a vertically suspended tube would obviously cause greater decline in the volume of the "cephalic" end than would the same procedure with the tube in the horizontal position.
The Rates of Change of Various Functions
Following Venesection The data in figure 2 indicate a lack of relationship between glomerular filtration and sodium excretion following a small venesection in sitting subjects. Inspection of the data in figure 4 shows that following a large venesection in the recumbent subject, there was a general tendency for the declines in glomerular filtration and in urine volume to set in rapidly, and to become maximal during the first and second hours. On the other hand, the decline in sodium excretion was slight during the first hour and did not reach its peak until the third and fourth hours after venesection. Return of the removed blood caused the urine volume to return rapidly (within two hours) to somewhat above the initial level, while the sodium excretion rose slowly and still remained at a markedly depressed level during the second hour after transfusion.
These discrepancies between glomerular filtration and urinary sodium appear to justify two conclusions: (1) The decline in filtration, which was of lesser degree and of shorter duration, could not have been responsible for the decline in sodium output. (2) Apparently, different mechanisms were concerned in producing the changes in these functions. Renal vasomotor changes were probably concerned in the slight (but consistent) decline in glomerular filtration which occurred following the massive venesection. The alternative explanation of decline in cardiac output would seem to be excluded by the lack of reduction in this function (table 2) .
The tendency of the decline in urine volume to occur somewhat later than the decline in filtration ( fig. 4 ) is probably to be ascribed to the time required for the action of the antidiuretic hormone of the posterior pituitary to become manifest. The studies of Verney7 and of Brun8 would seem to make it likely that the oliguria following venesection, like that induced by orthostasis, emotion and exercise, is to be ascribed to the action of this hormone, but the mechanism of the stimulus remains obscure.
The data suggest that the changes in sodium excretion induced by bleeding are independent of alterations in glomerular filtration and in urine volume. The slower onset suggests a chemical rather than a neural mechanism. The decline induced by removal of small amounts of blood from sitting subjects could be inhibited by compression of the neck, and hence was presumably related to the mechanism previously described,3 whereby alterations in intracranial fluid volumes (or some closely related factor) induce changes in urinary sodium. No such ready explanation is apparent for the decline in sodium excretion induced by the removal of large volumes of blood in the recumbent subjects. The failure of cervical compression or of the head-down position to overcome this effect would suggest that some other mechanism is concerned.
One might postulate that the removal of such large amounts of blood caused an alarm reaction, which brought the adrenal cortex into play. This possibility is considered later.
Mechanisms of Control of Sodium Excretion
The concept that alterations of glomerular filtration are of major importance in the more delicate regulation of sodium excretion is not supported by the findings. Likewise, the concept that decline in cardiac output initiates homeostatic mechanisms which result in tubular conservation of sodium finds no support in these data. It is reasonable to assume that decline in sodium excretion following hemorrhage constitutes an important mechanism of homeostasis, but the data indicate either that such mechanisms may be set into play by alterations in cardiac output of a degree too small to be detected by the methods used, or that some stimulus other than cardiac output is responsible.
Throughout these and other experiments various findings have emphasized the importance of the state of the sodium stores of the body as a factor of major significance in regulating the excretion of sodium. Thus in a parallel study,3 it was found that observations on successive days in the recumbent posture were attended by a markedly negative sodium balance on the first day, and by a progressive decline in sodium excretion on successive days. In the sitting position under appropriate conditions the reverse situation obtained, the sodium balance being initially positive but the excretion rising subsequently until equilibrium between intake and output was achieved. The status of the subject, as regards sodium intake and sodium excretion during the period of several days prior to the experiment, has appeared to be the single most important factor controlling the absolute level of sodium output. This conclusion is similar to that arrived at by Couter and Leaf,9 on the basis of prolonged studies of sodium balance.
The data obtained in the sitting subjectsdecline in sodium excretion produced by venesection and prevented by compression of the neck are compatible with the hypothesis, offered in previous publications,'-3 that changes in the volume of blood or of extravascular fluid in the cranial cavity may be one factor concerned in the regulation of sodium excretion. The fact that injections of hypertonic albumin solution10 and removal of blood both cause decline in sodium excretion would suggest that it may be the intracranial volume of extravascular fluid rather than of blood which is of importance in this respect. The possibility that the observed results may represent not a specific effect but rather the algebraic summation of two opposite effects, one of which (bleeding) tends to decrease and the other (compression of the neck) tends to increase sodium excretion, is not excluded by the data.
The effects of bleeding in the recumbent position do not support the assumption of the postulated intracranial mechanism. Here, compression of the neck did not prevent the decline in sodium excretion. The difference between these findings and those in the sitting position may perhaps be explained by assuming that in the sitting position the cranial cavity tends normally to be somewhat depleted of fluid, and that this depletion is aggravated by bleeding which, in the absence of suitable compensatory factors, would be expected to cause disproportionate depletion of the most elevated parts. In the recumbent position the cranial cavity would perhaps have more fluid initially, and removal of blood (even in larger amounts) might produce little or no deficiency of intracranial fluid because the gravity differential would no longer be operative. The analogy with the removal of fluid from a vertical versus a horizontal collapsible rubber tube has already been cited as offering a possible explanation for the apparently paradoxic results.
The foregoing considerations, while offering a possible explanation for the difference between the effects of cervical compression in the sitting and recumbent postures, do not offer an explanation for the decline in sodium excretion produced by bleeding in the recumbent subjects. In this respect, the increments of potassium excretion occurring in certain subjects (table 3) are of interest. Although the combination of a decline in urinary sodium plus a rise in urinary potassium suggests adrenal cortical activity, the rapid onset and short duration of the effect is not in keeping with the known actions of the cortical hormones. In any case, this explanation is not applicable to the decline in sodium excretion which occurred following recumbent bleeding in those subjects who exhibited no rise in potassium excretion. It would appear that the mechanism responsible for the decline in sodium excretion following bleeding in the recumbent position is uncertain at the present time.
SUMMARY AND CONCLUSIONS 1. Removal of small amounts of blood (2.5 ml. per Kg. of body weight) from sitting subjects caused moderate decline in the excretion of sodium without demonstrable alterations in cardiac output or in glomerular filtration. The reduction in sodium excretion could be prevented by compression of the neck. The findings suggest that the decline in sodium excretion produced by bleeding under these conditions may have been related to alterations in the distribution of blood and/or extravascular fluid and, more particularly, to reduction of the fluid volumes in the cranial cavity.
2. Removal of larger amounts of blood (9 ml. per Kg. of body weight) from recumbent subjects caused a striking decline in the excretion of sodium. This could not be prevented either by compression of the neck or by elevation of the foot of the bed, although the latter procedure tended to alleviate the syncopal symptoms often induced by the bleeding. Slight reduction in glomerular filtration usually occurred but was of brief duration, and the maximum decline in sodium output occurred after the filtration rate (creatinine clearance) had returned to the normal level. Consistent alterations in cardiac output (as measured by the electrokymographic method) were not encountered. Possible mechanisms of the decline in sodium excretion are discussed.
3. The excretion of chloride tended to parallel that of sodium. Venesection appeared to cause rise in potassium excretion in some experiments but not in others. 4 . The experiments support the concept of a homeostatic mechanism concerned with sodium conservation. They suggest that such a mechanism may be initiated by multiple processes, of which one appeals to be alterations in the distribution of blood within the body. The experiments do not support the idea that decline in cardiac output constitutes a stimulus to retention of sodium and chloride.
